An attempt was made to produce Sm-Fe-N/Co-B composite magnets by chemical reduction. It was found that a composite powder consisting of Sm-Fe-N particles coated with fine Co-B particles could be obtained by chemical reduction. The Sm-Fe-N/Co-B composite powder acted as a single hard magnetic phase and showed a smooth hysteresis loop. The composite powder exhibited a higher remanence of 93.1 Am 2 /kg and a higher coercivity of 0.45 MA/m than a mixture of the Sm-Fe-N powder and Co-B powder prepared by a similar procedure but using a higher concentration of aqueous solution for the chemical reduction.
Introduction
With the advent of high-energy-product Nd-Fe-B permanent magnets, research and development of new permanent magnetic materials have mainly been concentrated on rare-earthcontaining alloys [1, 2] . As a consequence of intensive studies of Nd-Fe-B permanent magnets, their maximum energy product has been improved to the point where it has reached the practical limits of these magnets [3] [4] [5] . Researchers in this field are thus placing expectations on the development of new types of permanent magnets. One approach is to investigate the new permanent magnetic materials. Among the candidates for such materials is Sm 2 Fe 17 N 3 compound [6] . Although Sm 2 Fe 17 N 3 compound exhibits a high saturation magnetization and a large coercivity comparable to those of Nd-Fe-B magnets, it is obtained in powder form. Hence, unlike the case of the Nd-Fe-B sintered magnets, conventional sintering techniques cannot be applied to the production of Sm-Fe-N bulk magnets [6] . Another candidate is the Sm 5 Fe 17 phase [7] . The Sm 5 Fe 17 phase is a new ferromagnetic phase in the binary Sm-Fe system [8, 9] . The coercivity of the Sm 5 Fe 17 phase is much larger than that of Nd-Fe-B magnets, but its remanence is much lower, at around 40 Am 2 /kg [4, 5] . The outlook for the discovering of new magnetic phases with a maximum energy product exceeding that of Nd-Fe-B magnets is therefore not promising.
Another approach is to improve the magnetic properties of nanocomposite magnets, one of the new types of permanent magnets [10] . Nanocomposite magnets are composed of a mixture of nanosize soft magnetic and hard magnetic phases. It is known that the existence of the soft magnetic phase in a permanent magnet weakens the remanence and maximum energy products. Due to exchange coupling of the nanosize soft magnetic and hard magnetic phases, however, nanocomposite magnets exhibit a higher remanence than the conventional magnets. Anisotropic nanocomposite magnets are expected to show giant maximum energy products as high as 1 MJ/m 3 when the soft magnetic and hard magnetic phases are arranged in the optimal manner [11] . Nanocomposite magnets are currently produced by annealing of melt-spun ribbons [12] [13] [14] [15] . Figure 1(a) shows a schematic representation of nanocomposite powder prepared from nanocomposite melt-spun ribbon. The nanocomposite powder consists of a number of soft and hard magnetic phases, with the hard magnetic phase randomly oriented. Thus, nanocomposite powder prepared from nanocomposite melt-spun ribbon is magnetically isotropic. Nanocomposite magnets produced by the consolidation of such nanocomposite powders are also magnetically isotropic and show a much lower remanence and maximum energy product than anisotropic nanocomposite magnets [16] [17] [18] [19] . From this standpoint, magnetically isotropic melt-spun ribbons or mechanically alloyed powders are not suitable for the production of anisotropic nanocomposite magnets with a high energy product. In order to produce anisotropic nanocomposite magnets, it is essential to produce a different type of composite powder, as shown in Figure 1 (b), where particles of hard magnetic powder are coated with or surrounded by particles of soft magnetic powder. It has been reported that soft magnetic powder can be produced by chemical reduction [20, 21] . Unlike the meltspinning or mechanical alloying techniques, this method can produce fine powders directly from a metallic solution. Thus, composite powder may be obtained by chemical reduction if the fine hard magnetic powder is stable in the metallic solution. Since Sm-Fe-N magnets can be produced in powder form, Sm-Fe-N powder was selected as the hard magnetic powder in this study. The purpose of this study was to investigate the possibility of producing Sm-Fe-N/Co-B composite powder by chemical reduction. Co-B powder was chosen as the soft magnetic powder because the Co-B powder was easily produced by the chemical reduction. The detailed processing conditions for the production of Sm-Fe-N/Co-B composite powder are described here, and the magnetic properties of the powder are discussed.
Experiment
Commercially available Sm 2 Fe 17 N 3 powder produced by Sumitomo Metal Mining Co., Ltd., was used in the experiment. The average particle size of the original Sm-Fe-N powder was about 3 m. An aqueous solution of sodium borohydride (NaBH 4 ) was added to the aqueous solution of cobalt sulfate heptahydrate (CoSo 4 ⋅7H 2 O) containing Sm 2 Fe 17 N 3 powder. The pH of the solution was constantly maintained at 5.5 by the addition of sodium hydroxide (NaOH) or hydrochloric acid (HCl) during the chemical reduction. The black precipitate was collected on a filter, washed quickly with a large amount of ethanol, and stored in an ethanol filled vessel. The morphology of the powder was investigated under a scanning electron microscope (SEM) and a transmission electron microscope (TEM). After the powder had been mixed with epoxy, its hysteresis loop was measured by a vibrating sample magnetometer (VSM) with a maximum applied field of 2 MA/m. The VSM was calibrated with a pure nickel sphere.
Results and Discussion
In the production of composite materials by chemical reduction, it is essential to examine the stability of the hard magnetic phase, in this case, Sm-Fe-N powder in the acid or alkali solution used for the chemical reduction. A preliminary study revealed that the Sm-Fe-N powder was not stable in the alkali solution used for the production of Co-P powder but was stable in the acid solution used for the production of Co-B powder. Thus, the production of Sm-Fe-N/Co-B composite powder by chemical reduction was pursued in this experiment. The main problems to be overcome were the tendency of fine powder to agglomerate and finding a way to obtain a powder consisting of Sm-Fe-N particles coated with Co-B particles. In order to produce such a powder, the amount of Sm-Fe-N powder was fixed and the concentration of the aqueous solution of cobalt sulfate heptahydrate was changed from 0.025 mol/l to 0.100 mol/l. Figure 2 shows SEM micrographs of the Sm-Fe-N/Co-B composite powders produced by chemical reduction. In Figure 2 The magnetic properties of these Sm-Fe-N/Co-B composite powders prepared by chemical reduction were examined. The hysteresis loops are shown in Figure 3 . The powder prepared using an aqueous solution of 0.1 mol/l cobalt sulfate heptahydrate exhibits a remanence of 46.7 Am 2 /kg with a coercivity of 0.22 MA/m. However, a kink is seen in the hysteresis loop. This indicates that the specimen consists of two magnetic phases with different coercivity; in this case, the hard magnetic Sm-Fe-N phase with high coercivity and the soft magnetic Co-B phase with low coercivity. On the other hand, although the powder prepared using an aqueous solution of 0.025 mol/l cobalt sulfate heptahydrate also consists of the hard magnetic Sm-Fe-N phase and the soft magnetic Co-B phase, it has a smooth hysteresis loop. This indicates that the hard magnetic Sm-Fe-N particles covered with the soft magnetic Co-B particles act as one single hard magnetic powder, due to exchange coupling of the hard magnetic Sm-Fe-N phase and the soft magnetic Co-B phase. The resultant SmFe-N/Co-B composite powder exhibits a larger coercivity of 0.45 MA/m and a higher remanence of 93.1 Am 2 /kg than the powder prepared using the aqueous solution of 0.1 mol/l concentration. These magnetic properties of the Sm-Fe-N/Co-B composite powder are very attractive for hard magnetic materials. Compositional modification and optimization of the processing conditions can be expected to lead to further improvement of the magnetic properties of Sm-Fe-N/Co-B composite powder prepared by chemical reduction.
Conclusion
Sm-Fe-N/Co-B composite powders were prepared by chemical reduction using aqueous solutions of cobalt sulfate heptahydrate. Isolated Sm-Fe-N particles were found when the powder was prepared by using an aqueous solution of 
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